Background: Investigation of early transmission failure from animal-borne, satellite transmitters should reveal vital information about the reliability of the technology, and the risk of application to the animal. Current technology available to the investigator does not provide firm evidence for causes of transmitter blackout. Findings: We address the five most likely causes of satellite transmitter failure on 20 adult (10 male and 10 female) emperor penguins tagged near Cape Colbeck, Antarctica, and one near the Drygalski Ice Tongue, Western Ross Sea, during late summer, 2013. They are: 1. Technical failure of the transmitter, 2. Instrument breakage, 3. Instrument loss because of attachment failure, 4. Predation, and 5. Icing of the salt water detection switch. The longest record of 323 days suggests that prior losses were not due to power failure.
Background
Ever since investigators began attaching satellite tags to emperor penguins, Aptenodytes forsteri, 20 years ago, with no plans for recovery, it has been a test of longevity for the transmitters [1] . Initially, transmitters were deployed on penguins to determine their foraging locations during 1-3 week trips to sea for the purpose of nurturing their chicks, after which they were removed from the bird [2] [3] [4] [5] [6] [7] . For long-term experiments on adult penguins, in which the tags were not recovered, there is little speculation or conclusions about the reasons for tag transmission loss. However, data show that losses are high for king penguins, A. patagonicus, traveling in pack ice during the winter [8, 9] . Most other experiments have focused on juvenile emperor penguins immediately after fledging, with the hope of tracking them as long as possible through their first year of independence. Since juvenile birds initially lack hunting skills and evasive tactics from predators, losses due to inexperience and starvation and/or predation may have occurred. Surprisingly, a respectable percentage (50-67 %) of these juveniles survived from summer to autumn [10] [11] [12] . By that time the birds were well beyond the Antarctic waters, and with the changing condition of ice free waters, a new set of challenges for both foraging and predator avoidance come into play and the studies are not comparable to the results of this report.
Long-term tracking studies are relatively common for sea turtles resulting in a report on why the satellite tags stop transmitting [13] . Hays et al. [13] suggested four reasons for transmission loss: 1. Battery power depletion, 2. salt water switch (SWS) interruption by bio-fouling, 3. detachment of the transmitter, and 4. death of the Open Access *Correspondence: gkooyman@ucsd.edu 1 Center for Marine Biotechnology and Biomedicine, Scripps Institution of Oceanography, 9500 Gilman Drive, La Jolla, CA 92093, USA Full list of author information is available at the end of the article turtle. They concluded that fouling of the SWS was the most common cause of tag failure (8 of 14 tag failures), but battery depletion (2 failures) and antenna damage (1 failure) were also responsible for some of the tag failures. They were unable to determine the cause of failure for three turtles.
Here we report on the study of 21 adult emperor penguins that were tracked after their molt. This was challenging because molt areas are usually remote from any research station. In fact, in this case they represent one of the most distant locations of concentrated wildlife on the planet. Different from the fledgling studies of emperor penguins, these birds were robust, 25-35 kg adults with years of foraging and predator avoidance experience. We used the newest model Splash tags (2012) with current advances in battery technology. Our expectations were that the tracking would last well into the winter if not beyond. Instead, many stopped transmitting by midautumn. Using the diagnostic data transmitted from our satellite tags, we investigate the potential causes of termination of satellite transmissions. Additionally, we review past long-term tracking studies, and combine this information with our findings to speculate on the reasons for early termination of satellite transmissions.
Methods

Field methods
Twenty-one emperor penguins were captured in the Ross Sea, Antarctica during a research cruise aboard the R/V Nathanial B. Palmer in March 2013. Penguins were sighted from the bridge of the ship and approached by foot, snowmobile or small boat depending on ice conditions. One penguin (P1) was captured in the pack ice in the Western Ross Sea (WRS) (75°37ʹS, 167°56ʹE) on February 24th. The remaining 20 penguins were captured within the vicinity of Cape Colbeck (77°04ʹS, 157°49ʹW), in the Eastern Ross Sea (ERS), between March 14 and 17.
All attachments were completed using procedures similar to a previous protocol [14] , with the exception that the tags were prepared before deployment with a flat black coating of paint and a nose taper glued to the front of the tag (Fig. 1) . In brief, a penguin was hooked with a shepherds crook, quickly hugged, and then hooded. A second person secured a harness around the torso and with a third person used a suspension scale for weighing. Mass was determined to the nearest 0.5 kg using a Pesola 50 kg spring scale.
Attachment and tag type
The tag was attached immediately following weighing, following a strict, stepwise protocol as follows: 1. A stiff platform of feathers was created using a small amount of Loctite 401 on the dorsal mid back, 2. after the glue set (<1 min), two stainless steel cable ties were placed under the feather platform, 3. a thin layer of 5 min epoxy (Loctite; Henkel Corp., Westlake, OH, USA) was placed on the bottom of the tag, and 4. the tag was anchored to the penguin by tightening the cable tie loops with a Panduit cable tie gun set to a predetermined tightness level. After approximately 10 min, when the glue was set, a few contour feathers were collected from each bird to determine gender. The samples were sent to Dr. Tom Hart for analysis (Department of Zoology, University of Oxford, South Parks Road, Oxford, OX1 3PS, UK). The analysis was based on Han et al. [15] . Then the bird was released. Each bird was photographed as it moved away. Both Splash and Spot tags were duty cycled to transmit every third hour (0, 3, 6, 9, 12, 15, 18, and 21 h) of 
Results
All penguins were adults with body masses ranging from 22 (recent post-molt) to 37 kg. Additional file 1: Table  S1 summarizes details for each bird. The longest lasting tag, in terms of number of transmissions, was penguin 15 (P15). This tag transmitted 52,483 times in 290 days. The last diagnostic voltage transmitted by the tag was over 3 V, which is nominal for function. P15 transmissions ended in the pack ice northeast of Cape Colbeck (Fig. 2) . The longest functional duration was P3 with the last transmission after 323 days. It shut down at Cape Colbeck.
Most of the tags did not transmit for as long as the above transmitters, or as long as predicted by battery capacity. For example, 11 transmitters deployed near Cape Colbeck went offline within 68 days of deployment, when battery failure should not have been an issue (Additional file 1: Table S1 ). Five tags (P2, 8, 9, 10, 12) stopped transmitting near the Bay of Whales (BofW) (Fig. 2) . Two others, P5 and P18, were north of BofW and P21 was near Cape Colbeck. The location of the last transmissions from the remaining three tags was widely scattered (P4, 6, 7). They all stopped transmitting in the pack ice north of BofW from 30 April to 21 May (Fig. 2) . Incidentally, two of the shortest records, P18 and 21, were the two largest birds tagged (Additional file 1: Table S1 ). End battery voltages from these 11 tags ranged from 2.9 to 3.2 V.
The nine remaining tags deployed on penguins at Cape Colbeck continued to transmit into the winter before tag failure (24 July 2013 to 31 January 2014). The first failure of these tags occurred on 24 July, which exceeded the duration of the previous longest transmitting tag by nearly double. At the time of tag failure, four of the nine emperor penguins (P11, 14, 15, 16) were beyond the shelf slope and outside the Ross Sea. P17 was to the northwest of Cape Colbeck and on the shelf slope. In addition, four of the five birds with tags that continued transmitting through winter into the spring (21 September) returned to Cape Colbeck or to the nearby pack ice (P3, 13, 15, 20) . A tag from one penguin (P3) transmitted every eighth day while nearly stationary in Bartlett Inlet (location of the Cape Colbeck colony) between 27 October and 31 January 2014, indicating the bird, or transmitter, was out of the water during this time. In contrast, P11 remained in the far northeast until her tag stopped transmitting on 5 October, 205 days after release (Fig. 2) .
P1 is not compared to the birds in the ERS because it was tagged far west of all others. She was an early postmolt bird tagged near the Drygalski Ice Tongue. She had traveled for 27 days to McMurdo Sound, about 200 km south of her original position, where her last location was determined. In all cases, except P3's final months of transmitting every eighth day, transmissions were daily.
During autumn when new ice was forming, emperor penguins probably commonly break through the thin ice to breathe while on the go, or to exit the water. This activity and the risk to the tag are shown well in Fig. 3 . It must create much wear on those birds that frequently practice the procedure.
Discussion
Two major events occurred after capture and release of the ERS birds. In the first event, all 20 birds tagged at or near Cape Colbeck traveled from the tagging location to the area near BofW (tracks not shown). Such consistency seems remarkable, but in agreement with the large number of seals and penguins observed in the area while we were enroute to Cape Colbeck from the WRS. It was first called the Bay of Whales by Ernest Shackleton during his 1907-1909 Nimrod Expedition, because of the large concentration of whales found there. Although most of the whales are gone, a large concentration of seals remains [16] . A large concentration of emperor penguins was noted to the east of BofW just before we arrived at Bartlett Inlet (Gearheart, unpublished observations). It seems to be a foraging "hot spot" and, significant for this paper, 6 of the 20 tags stopped transmitting in the vicinity of the BofW after short durations ranging from 12 to 51 days post-deployment (Additional file 1: Table S1 ). The only shorter duration deployment that we are aware of is the juvenile emperor penguin that was released in open water at about 52 S latitude [17] . This 4-day deployment on such a robust juvenile emperor penguin may have been a predatory event. Although the environments and experience of the penguins are not comparable, the early transmission termination of the tags on 12 birds (<30 days for 4 of the penguins) in or near BofW suggests predation events. The 12 and 17 days of P15 and P2 are within the duration of many previous deployments of TDR's or satellite transmitters on emperor penguins that were nurturing chicks at their respective colonies around Antarctica (1-4 weeks), or while tracking adults after departure for their pre-molt journey (1-3 months) [3] [4] [5] [6] [7] . Under foraging and nurturing circumstances, recovery success of TDR's for birds from the Cape Washington colony was about 91 % (Kooyman, Ponganis unpublished observations) after a trip duration of 1-3 weeks. For the birds on journeys to molt areas, 85 % successfully reached their destination after about 30 days, in some cases over 1000 km from their departure point [10, 11] . Consequently, all of the early losses in such a dynamic region around the BofW could have been due to predation.
Another possible reason for transmission loss is tag removal by the penguin. Tag removal can occur directly by: 1. birds preening their feathers (Kooyman personal observations), and/or 2. scraping off the tag under the ice (Cassondra Williams personal observations). In addition, tag removal can also occur indirectly by: 3. birds smashing through the ice to breath (Fig. 3) , especially during March and April when new ice is forming (a condition which is possibly unique to this species), and 4. ice buildup on the tag [18] . All of these activities could have crippled the tag by breaking the antenna, the most vulnerable part of the tag and critical for data transmission. Finally, 5. the ice formation could have disabled the SWS, but there was no indication of periodic tag shut down. All transmitted daily for the tag duration. Consequently, determination of early transmission termination of tags that failed after 68 days at sea in regions other than the BofW is problematic. While the likelihood of predation is possible, wear and tear of feathers on the tag becomes more likely. Deterioration of tag attachment and the tag itself (antennae, battery life) is cumulative. Tags may have been damaged by the ice and/or fallen off due to the breakdown of feathers at the attachment site. Anecdotal evidence such as under-ice scraping of the back mounted tag has been observed to occur by emperor penguins swimming under ice. At the "Penguin Ranch" (a purpose built enclosure for the penguins, which included an under-ice observation chamber and diving hole through which the penguins could forage) in McMurdo Sound during previous studies birds that were wearing instrument packs were seen scraping the rough under-ice bottom as if trying remove the pack (C. Williams personal observations). Also, observed at the Ranch during October of 2000, where emperor penguins were retained in an outdoor corral, was that ice formed within a day and accumulated on the attached recording devices over a period of several days [18] . Even if total removal of the device is unsuccessful, transmission loss could be due to antenna breakage. This seems most likely if the birds were scraping under the ice, or smashing through thin ice. Of course, the longer the bird is at sea the greater the chance of damaging the attachment and of leopard seal predation. The chance of predation would be enhanced further if the tag acted as a target. We tried to reduce the visibility of the tag as described in the methods, and there would be the additional liability of a different stroke frequency and swim speed of the encumbered birds from that of other emperor penguins.
Many of the tags on emperor penguins that transmitted into the winter (P19) to 323 days (P3), failed well to the north near or beyond the Ross Sea shelf slope. This is an area of high productivity and one where their diet probably changes dramatically from Antarctic silver fish to krill and mid-water deep dwelling lantern fish [19] . By this time there would have been substantial wear on the tags, especially from any birds prone to attempting to dislodge the tags, or surfacing through thin ice. Air temperatures are much lower at this time with shorter days and waning solar input, and ice accumulation on the tag could be an important consequence. During a dive, the tag temperature equilibrates to the water temperature, approximately −1.85 °C. After the animal exits the water, the tag is exposed to much lower air temperatures and the water adhering to the tag may freeze, forming a skin of ice that can accumulate on successive dives, unless some force breaks it off [18] . More bulk would be added to the tag increasing its drag and greater potential for impact damage any time the bird broke through the ice to breath. Although ice fouling would seem to affect the SWS there was no such apparent susceptibility to the tag. If the SWS was fouled then after 8 days the transmitters should have sent a signal for a day. Such an event occurred only with P3, the longest lasting of all birds. Finally, the battery condition appeared nominal at the last transmission of all transmitters, and the number of transmissions was well within the limits of all transmitters (Additional file 1: Table S1 ).
The five tags that continued to transmit until spring suggest that much of the loss was the result of stochastic events that are impossible to determine without some designed signal. The final conclusion for this period is that some birds may have torn the tag off, broken the antenna, or died by predation. Unlike with the long-term tracks of juveniles, where starvation may have played an important role in the demise of some birds [8] , none of our cohort of birds was likely to have starved. At tagging these were robust adult, experienced birds, and they should have fallen into the 80+ % survival group that has been observed in the recent past [20] . Because battery voltage was >3 V, our best assumption is that there were instrument losses by damage or detachment. The duration of the five tags ranged from 220 (P13) to 323 days (P3), which incidentally is the longest tracking record for any emperor penguin. In the two cases of P3 and P15, the most likely outcome was that the tags fell off at molt.
In summary, we do not know why any of the tags failed, although we suspect the shortest transmission durations were most likely due to predation. That is why we ask the question "why do satellite transmitters on emperor penguins stop transmitting". Some causes of loss may be possible to determine with proper detectors incorporated into the tag. Even resolution of a few of the losses would be an important step forward in learning about emperor penguins on long-term travel studies. At present there is a large investment of time and money into a bird with little possibility of resolving the final outcome. Perhaps a low cost, and much smaller transmitter could be attached concurrently in some way to avoid the risk of under-ice scraping that may be affecting the primary tag. This double coverage would strengthen any indirect evidence of tag loss. For example, if the main transmitter is lost and the second transmitter reception continues, then predation did not occur, thus eliminating one of the main suspects in our case for early loss. The fact remains that some way of knowing or reducing the number of possibilities of transmission loss will enhance the value of tracking studies greatly. 
Additional file
Additional file 1: Table S1 . Summary of tag deployment and performance. Individual ID numbers and mass are provided for each bird. Penguin 1F was tagged in the eastern Ross Sea, and is considered separate from the rest of the penguins tagged near Cape Colbeck. M and F = male and female, BofW = Bay of Whales, AS = Amundsen Sea and tx = transmission.
